Introduction
Inclusion of filler in polymer matrices yields composite materials with enhanced properties, such as improved electrical and/or thermal conductivity 1 , better mechanical properties 2 or reduced gas permeation 3 . Carbonaceous nanofillers, like carbon black 4 , carbon nanotubes 5 , as well as graphene oxide and graphene 6 , are amongst the most often used additives in designing composite materials with enriched properties. However, in order to achieve the desired improvement of the above-mentioned properties, it is crucial to ensure favorable interactions between filler and polymer phase 7 . Furthermore, it is also essential to consider other aspects such as filler functionalization, evolution of filler structure in a polymer matrix, interfacial effects and to obtain detailed structural information of composites 8 .
Hydrocarbons, such as polystyrene or polypropylene, are often used for the preparation of graphene-polymer composites, however it requires functionalization of the graphene sheets in order to improve processability and reduce its propensity to agglomerate which usually compromises the optimal enhancement of properties. 9 . Recently several authors 10 have investigated the properties of bio-based polymer composites, namely Sodium alginategraphene oxide composites. Alginates are naturally occurring copolymers comprised of alternating guluronic and mannuronic acid units, that form physical cross-links with divalent metal ions 11 , and have been extensively used in the food industry as well as for pharmaceutical and medical applications 12 . Water-soluble Sodium alginate and hydrophilic graphene oxide (GO) offer a great advantage to the production of composites since both materials can be readily processed in aqueous medium. Upon drying of the composite sample, the abundance of hydroxyl groups on the Sodium alginate chains participates in the formation of the hydrogen-bonding network with carbonyl and/or epoxy groups on GO sheets . On the other hand, divalent metal ion crosslinked alginate films have useful properties, such as insolubility in water, and, as has been reported for calcium alginate films, high storage modulus value and moderate glass transition temperature 13 . However, no attempts have been made to examine the properties of divalent metal ion cross-linked alginate-reduced graphene oxide (rGO) composites and to study the interactions between the polymer, filler and metal ions. Furthermore, to our knowledge, no studies have so far been reported to predict the reinforcing effect of GO sheets in the Sodium alginate matrix, and to model creep behavior of alginate composites of various compositions.
In this study, we set out to explore the thermal, electrical and mechanical properties of alkali earth metal ion cross-linked alginate-rGO composites, and to compare their properties to that of Sodium alginate-GO composites. In addition, we also consider composition-structureproperties aspects of the composites.
Materials and methods

Sample preparation
Sodium alginate salt (Protanal® RF 6650) was kindly provided by FMC Biopolymer. To prepare 1 wt% aqueous polymer solution, 1 gram of Sodium alginate (Na Alg) salt was dissolved in 99 grams demineralized water, containing 0.4 grams of glycerol (99+ Pure, Acros Organics) under vigorous stirring until a homogenous solution was attained.
Graphene oxide (GO) was prepared via Kovtyiukhova's method 14 . to obtain alkaline earth metal cross-linked alginate composite films. The excess salt was removed using copious amounts of demineralized water. The samples were dried under vacuum at 50 °C. Note that, without the cross-linking salt, the Na-Alg/GO films readily dissolve in water since they are hydrophilic, whereas the cross-linked films are water-insoluble and form a swollen gel.
Finally, the reduced graphene oxide (rGO)/alginate composite films were prepared by immersing the water-insoluble alkaline earth metal cross-linked alginate/GO composite films, as described above, into an aqueous hydrazine (Sigma Aldrich) solution for 48 h at ambient temperature. The weight ratio of GO to hydrazine was about 10:7. During the course of reduction, the composite films changed their color appreciably, from dark brown to black.
Hydrazine is not known to affect the alginate, therefore the color change indicates the reduction of GO. After reduction, the composite films were washed with demineralized water, dried under vacuum at 50 °C and stored in the desiccator with silica gel as the drying agent.
Prior to further analysis, the samples were kept in the furnace at 50 °C under vacuum for at least 48 h.
Characterization
Thermogravimetric analysis (TGA) was conducted by using a Perkin-Elmer Thermogravimetric Analyzer TGA7 equipped with a Thermal Analysis Controller TAC 7/DX, from 25 to 400 °C (3 °C/min) under air atmosphere.
Electrical conductance of composite samples was measured with a four-point probe device. It consisted of four equally spaced (1 mm) tips of finite radius connected to voltmeter (Keithley 2000) and ammeter (Keithley 6221). A constant voltage of 10 V was applied to the two inner tips, and an ammeter connected to the two outer tips was used to measure current through the sample. Each measurement was repeated 3 times. As the thickness of samples was significantly smaller than the spacing between the tips, the bulk resistivity ρ was obtained by following relation 15 :
where: d is the thickness of the sample, V -applied voltage, I -measured current and C = 4.523 the cell constant.
The results are presented as the bulk conductivity, which is inverse of the bulk resistivity.
Dynamical mechanical thermal analysis (DMTA) was performed on a DMA Q800 (TA Instruments) instrument in a tensile mode at a frequency of 1 Hz, 5 μm amplitude, and heating rate of 3°C /min. The samples were initially conditioned at 60 °C for 30 min, then cooled and analyzed from 10 -200 °C.
Creep tests were conducted on a DMA Q800 (TA Instruments) instrument at 30 °C, 40 °C, 60 °C, 80 °C and 100 °C using the same specimen as for DMTA, and applied creep stress of 4
MPa. The duration of the creep and strain recovery was 10 min and 30 min, respectively. The samples were conditioned for 5 min at each temperature before applying the load. The creep for all the samples will be due to the elimination of free water as has been found before 16 . Figure 1A . The second weight loss peak ~260
Results
Thermogravimetric analysis
°C can be ascribed to the removal of the remaining labile oxygen groups 19 . In addition, the absence of a weight loss peak at ~120 °C in Na-Alg/GO composites indicates interaction, presumably of a physical origin, between the carboxyl groups of GO and oxygenated groups on the polymer backbone. Indeed, the formation of an extensive hydrogen-bonding network between oxygenated groups of GO and polymer backbone has been investigated by Chen et al. Contrary to neat GO, hydrazine reduced GO (rGO) exhibits negligible weight loss in the 25-400 °C range, which is consistent with results reported previously [18] [19] [20] . As for Sodium alginate, the thermal degradation of Calcium alginate (Ca Alg) occurs in two steps, with differential weight loss peaks observed at ~230 °C and ~270 °C. The former corresponds to dehydration 21 and the latter to decomposition of the polymer 22 . As the concentration of rGO in the polymer matrix increases, the thermal stability of the composite films somewhat reduces. This happens presumably due to the remaining hydroxyl groups at the edges of the graphene sheets upon reduction with hydrazine 18 that together with the hydrophilic groups on the alginate backbone can easily bind water molecules, hence reducing the thermal stability of the composite films.
The thermal degradation of Barium alginate also takes place in two steps within the investigated temperature range. Similarly to Calcium alginate, the weight loss peaks are observed at ~226 °C and ~260 °C, and have been ascribed to dehydration and decomposition of the polymer. Also, the peaks tend to lower temperatures upon increasing the concentration of rGO in the Barium alginate matrix. temperature is taken to be the center of the highest temperature peak in the thermogram.) As discussed before, Na-Alg/GO composites exhibit the most significant weight loss in comparison to the alkali earth metal ion cross-linked-rGO composites. Upon inclusion of GO sheets, the weight loss of Sodium alginate composites decreases with a near linear dependence on filler weight fraction. This suggests, that the major mass loss of the composite films occurs due to the decomposition of the polymer only. For instance, the experimentally measured mass loss of Na-Alg/GO with 11.8 wt% of GO is 61.4%, and assuming a constant polymer mass loss as obtained for the pure system, the calculated value is found to be 60.3%. The weight loss of an alkali metal ion cross-linked sample is significantly reduced, and varies only slightly with the concentration of graphene. Also here, the major weight loss originates from the decomposition of the polymer. The reduction in observed mass loss is the result of the crosslinking. . Although, it has been proposed that cross-linking alginate with
Electrical conductivity
Calcium facilitates distribution of graphite into hydrogel matrix thereby promoting electrical conductivity 25 , our results suggest that divalent metal ion-polymer, divalent metal ion-rGO, and rGO-divalent metal ion-polymer interactions, preclude the formation of a connected graphene network that is required to establish effective conductive paths as explained by the classical percolation theory 26 . We further discuss filler-polymer interactions in the Discussion section. with values previously reported for Sodium alginate 27 and Calcium alginate 13 . As the amount of GO in the Sodium alginate composite increases, so does the storage modulus, a trend also observed by other authors 10a, 10b . Alkali earth metal ion cross-linked alginates and their composites exhibit more dramatic changes in storage modulus values for different weight fractions of graphene. Upon inclusion of rGO, the stiffness of Calcium alginate composites initially decreases significantly only to recover and reach a maximum stiffness at 11.80 wt % of rGO, albeit still lower than that of the neat polymer. Conversely, Ba-Alg/GO composites with increasing graphene content show improved stiffness, which decreases beyond 18.50 wt% of rGO. Dashed lines serve as guides to the eye only.
Mechanical properties
In addition, we have attempted to determine the glass transition temperature T g of the different alginate composite systems using the loss modulus as obtained from DMTA measurements and presented in Figure 4 . Unfortunately, due the absence of a well-defined loss modulus peak for Sodium alginate and its composites, we have not been able to accurately determine the glass transition temperature. We point out that all our composite systems contain ~30wt% glycerol as a plasticizer, which substantially reduces the molecular friction between Sodium alginate chains. For the Sodium alginates composites, this probably shifts the T g values to a temperature out of the experimental window. Barium and Calcium alginate composite systems, however, are cross-linked and therefore yield distinct loss modulus peaks as seen in Figure 4 A-B. 
Creep test
In order to gain more information about the load performance of the different types of alginates and their composite systems, we have conducted creep tests as described in the experimental part. Figure 5 displays the creep compliance, being the observed strain over the exerted stress, and strain recovery of Na-Alg/GO, Ca-Alg/GO and Ba-Alg/GO composite systems at 60 °C. Of the three different alginate composite systems, the Na-Alg/GO system reveals the poorest creep resistance. At low (1 wt%) and moderate (~6 wt%) weight fractions of GO, the samples demonstrate lower creep resistance compared to the unfilled polymer. However, the load bearing of Na-Alg/GO composites improves at higher weight fractions, above about 11 wt%, of . As shown in the Figure   5 , the modified Burgers' model can be fit to the data with excellent accuracy using only four free variables. The obtained values for Na-Alg/GO, Ca-Alg/GO and Ba-Alg/GO composite systems at 60 °C are presented in the Table 2 . Table 1 The obtained parameters for the modified Burgers' model for different alginate composite systems at 60 °C, see also Figure 4 . It is apparent that inclusion of rGO sheets improves the long-term creep behavior for both composite systems. Additionally, the slopes of the master curves of the composites are slightly lower, suggesting a small reduction in the creep rates. However, the non-monotonous improvement of the long-term creep compliance illustrates the complexity of the undergoing processes during creep.
Discussion
In the following we shall compare the two classes of alginate composites that can be distinguished on whether or not the alginate matrix is cross-linked or not.
Na-Alg/GO composites
Within the explored temperature regime the thermal stability of the alginate films appears to be largely independent of filler. Changes in mass loss follow the reduction of the amount of polymer only, see Figure 2D and the associated discussion. A notable observation, though, is the disappearance of the GO mass loss due to dehydration, around 120 °C as shown in Figure   2A , which does signify hydrogen-bonding based interactions between oxygenated groups of GO and alginate. Electrical conductivity of Na-Alg/GO composites, on the other hand, exhibits some filler concentration dependence. The level of insulation of the composites slightly improves at higher weight fractions of GO. reinforcement is taken to be the elasticity of the composite material relative to the elasticity of the polymer matrix (data from Fig. 3 D) .
Likewise, the reinforcement, i.e. the elasticity ratio E c /E m of composite material relative to its polymer, of the Sodium alginate matrix by introduction of GO sheets indicates moderate interactions between filler and polymer as the reinforcement varies with the filler amount, see Figure 3D . In order to quantify this effect we have invoked the Takayanagi models as discussed in detail by Sperling 7 . The original model has been derived to estimate the stiffness of multiphase polymers such as polymer blends. It has been demonstrated earlier that the model also adequately describes polymer composite materials 33 . In the latter case, the mechanical response of the composite depends on the stiffness of the polymer matrix, E m , and of the filler, E f , as well as on its volume fraction, φ f. We argue that the orientation of the GO sheets in the polymer matrix also matters. In the present experiments, the deformation takes place in the length direction of the film, perpendicular to the film normal. In the case of randomly oriented GO sheets in the Sodium alginate matrix, the stress transfer from the polymer matrix to the GO sheets upon deformation perpendicular to the layer normal of the sample will be inadequate, resulting in the lowest possible reinforcing effect, represented by the series model, Eq. 3, and graphically shown in Figure 7 (red line). On the other hand, the load transfer in a composite with perfectly aligned GO sheets will be optimal, yielding the highest reinforcing effect; shown as the parallel model, Eq. 4, in Figure 7 (blue line). These two cases cannot accurately describe the actual reinforcement for partially aligned filler but rather serve as extremes. , a similar expression was originally derived to predict stiffness of a highly oriented aramid fiber 35 . As can be seen in Figure 7 (yellow and green lines), the model adequately describes the reinforcing effect of oriented GO sheets inside the Sodium alginate matrix taking into account the variation of order parameter. The stiffening effect is present up to 25wt% of GO, beyond which both the reinforcement and the order begin to decrease due to jamming effects of neighboring GO sheets. In addition, the reinforcement also depends on the stiffness of GO sheet, which we have taken to be 210 GPa 36 . However, it is not unreasonable to assume that harsh graphite oxidation reaction conditions can produce defects, such as holes, inside GO sheets, that, in turn, influence the stiffness of GO sheets. In addition, the stress transfer of multilayered GO sheets is expected to be inferior to mono/bilayer GO due to sliding of the sheets past each other, as has been reported to be the case for graphene -polymer nanocomposites 37 . Therefore, we included the curve for a GO stiffness of 110 GPa, which provides a lower bound for the measured reinforcement values.
The inferior creep resistance of the samples containing low and moderate weight fractions of GO, see Figure 5 A-B, can be explained by the slight stacking of GO sheets and weakness of the network formed by the GO sheets due to the consequently larger distance between the stacks than what could be realized by homogenously distributed sheets. As such, it supports the hypothesis of relatively strong hydrogen bonding based polymer-filler interactions. In order to estimate the average stack size, we used our previously calculated interlayer distance between GO sheets for various compositions of Na-Alg/GO composites 34 . The average GO stack size is found using the Scherrer equation 38 . This number is subsequently divided by the interlayer spacing of GO to yield the average number N of GO sheets per stack. As seen in Figure 8 A, there are already agglomerates at low weight fractions of sheets. We note, however, that assessment of the average GO stack size at greater weight fractions of the filler can be less accurate due to the lateral inclusion of the sheets, which broadens, and sometimes skews, the diffraction peak, therefore reducing the obtained average number of sheets per stack. As presented in Figure 8 A, N tends to higher values with increasing weight fraction of GO, however does not do so monotonously for reasons discussed earlier. At higher filler weight fractions, the stress distribution improves due to the formation of a network between GO aggregates that compensates for the effect of further increment of N. The behavior of the creep resistance in Figure 5 A-B is reflected by the parameter values obtained from a fit with the modified Burgers' model, see Table 1 . For instance, with increasing GO concentration the creep retardation time τ initially sharply decreases to slowly increase with filler concentration. At 25 wt% of filler it exceeds that of the neat polymer. The stretching exponent n shows the same trend, initially it diminishes to increase at higher weight fractions of GO. The same tendency is also present in the creep compliance, J 1 , values. Such consistent variation of parameters suggests that at low weight fractions of GO, the polymer chains gain more mobility due to the introduction of the sheets and the frailty of their network that does not build up to expectation due to stacking. Upon further increment of the filler concentration, the mobility of the chains begins to decrease due to the higher concentration of aggregates, forming a robust network. As shown in Figure 8B , it appears that the stretching exponent n depends on the average number N of GO sheets in a stack. It increases with increasing N, indicating that the distribution of relaxation times is reduced upon strong introduction of GO sheets that reduces polymer chain mobility. Indeed, the formation of a hydrogen-bonding network between oxygenated groups of the polymer and GO sheets further decreases polymer chain mobility.
In summary, the thermomechanical behavior of Na-Alg/GO composites can be understood from the modification of the polymer-polymer interactions by introduction of the polymerfiller interactions. Our data suggests that after oxidation, graphene sheets possess high surface energy that results in strong filler-filler interactions that lead to incomplete dispersion of GO sheets. On the other hand, the plentiful of oxygenated groups on alginate chains and GO sheets ensures the formation of extensive hydrogen-bonding network that is strong enough to fully integrate the filler aggregates into the polymer.
Alkali metal cross-linked alginate films
Where for Na-Alg/GO composites there are only three kinds of interactions to consider, namely filler-filler, polymer-polymer and polymer-filler, the situation for cross-linked alginaterGO complexes is much more involved. We will argue that for the cross-linked films the observed changes in stiffness and glass transition temperature are caused by competing reactions between the polymer, the sp 2 clusters and carboxyl groups of the graphene sheets and the alkali earth metal ion during the ion exchange reaction of Na-Alg/GO films. First of all, it has been reported that different multivalent metal ions exhibit different affinity to the alginate matrix 39 , namely that Barium ions associate easier with the oxygenated groups on the alginate backbone than Calcium ions do. Indeed, Fourier Transform Infrared Spectroscopy of divalent metal ion cross-linked alginates revealed more specific interactions with Barium ions compared to Calcium ions 40 . In addition, it has been shown that different divalent metal ions binds have prefential binding sites to the oxygenated groups of alginate such as that Barium ions preferentially associate with guluronic-guluronic acid and mannuronic-mannuronic acid blocks, whereas Calcium -to guluronic-guluronic and mannuronic-guluronic acid blocks 41 .
However, it appears that the bonds between divalent metal ions and oxygenated groups of alginates are of dynamic origin as they undergo bond breakage and reformation even under small stress 42 . Secondly, both Barium and Calcium ions interact with sp 2 clusters on reduced graphene oxide sheets via cation -π interactions as discussed by Sun et al.
43
. The authors of this study have shown that metal ions intercalate between graphene sheets, bind to them at different positions with a binding energy that is higher for Barium ions than for Calcium ions.
Furthermore, it has been reported that divalent metal ions can also bridge between adjacent GO sheets 44 . We would like to reiterate that we conduct the ion exchange reaction of NaAlg/GO composites with divalent metal ion salt solutions, and subsequently reduce the metal ion cross-linked/GO composite films in the aqueous hydrazine solution. Thus, it is highly likely that divalent metal ions also form rGO-metal ion-polymer junctions together with rGO-metal ion-rGO interactions. As reduction of GO with hydrazine only eliminate epoxy and hydroxyl groups 45 , the carboxyl groups remain unaffected, and hence the connections between graphene sheets, divalent metal ions and polymer backbone persist as manifested in the insolubility of cross-linked composite samples.
Based on the above information and experimental evidence, we argue that the higher affinity of Barium ions for the polymer and filler sheets improves the stress distribution in the BaAlg/GO composites as manifested by the higher storage modulus values in comparison with
Ca-Alg/GO composites. At high weight fractions of filler, however, the load distribution for
both composite systems appears to be impaired, presumably due to the jamming effects of filler sheets. X-ray diffraction (XRD) patterns of Ca-Alg/GO composites revealed an amorphous structure, whereas those of Ba-Alg/GO composites indicated the presence of a semi-crystalline structure and of the formation of incommensurately modulated structures upon inclusion of graphene 34 . As seen in the figure 4C-4D , unfilled Barium alginate possesses higher T g temperature than Ca Alg, which agrees with XRD data. We, therefore, propose that the semicrystalline structure of Barium alginate arises due to the preferential binding of Barium ions to mannuronic acid blocks that enable these junctions to attain more linear conformation whereas guluronic acid-Barium junctions retain more folded structure, see the reference 41 for the schematic illustration.
With increasing weight fraction of graphene, however, the alginate chain mobility appears to be reduced in the Ca-Alg/GO composite system, whereas it remains constant for Ba-Alg/GO composites. Such distinctive behavior could be attributed to the different interactions between the constituents of the composites. We suggest that in Ca-Alg/GO composites there are more Calcium mediated polymer-rGO junctions, which grow in number with increasing amount of filler, than there are Calcium mediated polymer-polymer junctions as well as rGOrGO junctions, thus reducing polymer chain mobility. On the other hand, in the Ba-Alg/GO composite family it appears to be more separate rGO-Ba
2+
-rGO and polymer-Ba
-polymer junctions that result in the development of a two-phase system with increasing amount of rGO. Such an interpretation agrees with our experimental finding of the development of a periodic structure as observed in XRD experiments, measured electrical conductivity, and of the invariability of T g . Indeed, the presence of divalent ions in the discussed structural arrangements of divalent metal ion cross-linked-rGO composites should be responsible for the high percolation threshold and mediocre electrical conductivity properties of the composite films.
The non-monotonous behavior of creep compliance and strain recovery for the cross-linked alginate composites as illustrated in Figures 5C-5F , manifests the complexity of interactions between the constituents. As mentioned earlier, ionically cross-linked divalent metal alginate junctions undergo ionic bond breakage and reformation under stress 42 . This partial de-crosslinking of an ionically cross-linked junction begins at low stress levels, efficiently dissipating the force. Subsequent increase in the stress, initiates partial de-cross-linking of a neighboring junction, in this way preventing from complete collapse of cross-linked blocks. Our findings suggest that both Calcium and Barium alginates dissipate deformation energy in a similar manner, albeit that Barium alginate possesses slightly better creep resistance that can be attributed to the higher affinity of Barium ions as discussed above. However, stress relaxation mechanisms of divalent metal ion cross-linked alginates-rGO composites are more intricate. As introduced earlier, the bridging of GO sheets with divalent metal ions lead to the enhancement of mechanical properties 44 . Upon bridging two adjacent GO sheets in-plane, the resistance to deformation along the layer normal has been shown to improve. On the other hand, if divalent metal ions both bridge adjacent GO sheets and are intercalated between them, the deformation mechanism has been reported to become more complicated, and metal ion sizedependent. Since in our experimental procedure we do not have control over binding sites of divalent metal ions, their interaction with polymer chains and, especially, with GO sheets, can result in variety of possible structural arrangements that, in turn, seem to result in difficult-topredict trends in the creep compliance curves.
The complexity of stress relaxation mechanisms in divalent metal ion cross-linked alginates and their composites is reflected in the fit parameters presented in In effect, introduction of divalent metal cations in alginate -rGO composites significantly alters polymer -polymer, polymer -filler, and filler -filler interactions. Our data shows that these interactions are strongly influenced by the affinity of metal ions to oxygenated groups of alginate chains as well as filler sheets. Depending on the nature of the metal cation and the filler weight fraction, the interactions between the polymer and filler can be rendered to be stronger as in the case of Ba-Alg/GO composites, or weaker as for Ca-Alg/GO composites.
However, in order to determine the precise interactions between the constituents of divalent metal ion cross-linked alginate-graphene composites, our present data is insufficient, and a more detailed study wil be required.
Conclusions
We have investigated thermal, electrical and mechanical properties of graphene (oxide) -alginate biopolymer nanocomposites and have shown these to be composition dependent.
Thermogravimetric data analysis revealed favorable interactions between GO and Sodium alginate polymer chains. However, thermal stability of Na-Alg/GO composites showed no dependence of the filler weight fraction, and was slightly inferior to that of the unfilled polymer due to the hygroscopic nature GO sheets. On the other hand, upon introduction of cross-linking junctions in alginate -graphene nanocomposites thermal stability was improved, though not influenced by the presence of rGO sheets.
On the other hand, the electrical properties appeared to be composition dependent. Whereas electrical conductivity of Na-Alg/GO composites decreased with increasing amount of GO, the electrical conductivity of divalent metal ion cross-linked alginate-rGO composites improved about 10 orders of magnitude. However, the measured values remained several orders of magnitude lower than of other rGO-polymer composites due to the ineffective formation of a percolated conductive network of filler particles.
Similarly, the mechanical properties and the glass transition temperature of alginategraphene (oxide) nanocomposites are strongly affected by composition in particular the weight fraction of filler. The favorable interactions between GO and Sodium alginate polymer chains as well as orientational order of the filler particles manifests itself in a dramatic increase of the storage modulus of the composites. In addition, the reinforcing effect of GO was modeled by taking into account the orientational order of sheets and yielded accurate description of the experimental data. On the other hand, the properties of alkali earth metal ion cross-linked alginate -rGO nanocomposites were strongly influenced by the divalent metal ion. Our experimental results show the formation of dissimilar microscopic structures that in a complex way influence the electrical conductivity, the elasticity of the nanocomposites, and the mobility of the polymer chains, which we believe is due to the specific interactions between polymer chains, filler sheets and metal cations. The lack of clear trends in the creep compliance data of different alginate nanocomposites indicates complex stress relaxation mechanisms. Nevertheless, the modified stretched exponential Burgers' model can describe the short-term creep compliance of alginate -graphene (oxide) composites with remarkable precision.
Our study clearly indicates that graphene (oxide) filled alginates form an extremely versatile class of composites that can be tuned at will from hydrophilic to hydrophobic with concurrent variation in electrical conductivity, thermomechanical strength and elastic properties. Many of these phenomena, such as its hydrophobicity, can be understood from relatively simple considerations whereas others, such as the elastic response, still remain elusive largely due to the intricate interplay between filler-alginate -multivalent ion interactions.
